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Abstract

Two decades into the 21st century there is growing evidence for global impacts

of Antarctic and Southern Ocean climate change. Reliable estimates of how

the Antarctic climate system would behave under a range of scenarios of

future external climate forcing are thus a high priority. Output from new

model simulations coordinated as part of the Coupled Model Intercomparison

Project Phase 6 (CMIP6) provides an opportunity for a comprehensive analysis

of the latest generation of state-of-the-art climate models following a wider

range of experiment types and scenarios than previous CMIP phases. Here the

main broad-scale 21st century Antarctic projections provided by the CMIP6

models are shown across four forcing scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0

and SSP5-8.5. End-of-century Antarctic surface-air temperature change across

these scenarios (relative to 1995–2014) is 1.3, 2.5, 3.7 and 4.8�C. The

corresponding proportional precipitation rate changes are 8, 16, 24 and 31%. In

addition to these end-of-century changes, an assessment of scenario depen-

dence of pathways of absolute and global-relative 21st century projections is

conducted. Potential differences in regional response are of particular rele-

vance to coastal Antarctica, where, for example, ecosystems and ice shelves are

highly sensitive to the timing of crossing of key thresholds in both atmospheric

and oceanic conditions. Overall, it is found that the projected changes over

coastal Antarctica do not scale linearly with global forcing. We identify two

factors that appear to contribute: (a) a stronger global-relative Southern Ocean

warming in stabilisation (SSP2-4.5) and aggressive mitigation (SSP1-2.6) sce-

narios as the Southern Ocean continues to warm and (b) projected recovery of

Southern Hemisphere stratospheric ozone and its effect on the mid-latitude

westerlies. The major implication is that over coastal Antarctica, the surface

warming by 2100 is stronger relative to the global mean surface warming for

the low forcing compared to high forcing future scenarios.
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1 | INTRODUCTION

Changes in the Antarctic and Southern Ocean
(SO) climate system are of global importance. The
response of the Antarctic ice sheet in a warming world is a
major component of projected 21st century changes in
global sea level (DeConto and Pollard, 2016; Rohling
et al., 2019). The rate of anthropogenic heat and carbon
uptake in the SO is a key influence on the rate of global
warming not just in the future, but in the present day
(Frölicher et al., 2015; Hwang et al., 2017; Bushinsky
et al., 2019; Gruber et al., 2019). Within the region, sensi-
tive ecosystems are projected to be strongly affected by, for
example, changes in sea ice extent, ice-free land area and
regional warming (Jenouvrier et al., 2014; Turner
et al., 2014; Lee et al., 2017; Rintoul et al., 2018). Therefore,
although isolated geographically from the main concentra-
tions of human population, Antarctica is at the centre of
one of the major regulators and drivers of climate change
globally. The question of how Antarctic climate will
change under scenarios of future anthropogenic forcing is
therefore key in the evaluation of climate model projec-
tions of 21st century climate.

Climate and Earth System Models (ESMs) (referred to
collectively as climate models hereinafter) are the main
tools used for quantitatively estimating how 21st century
climate may evolve under different scenarios of future
anthropogenic activity. Progress in improving Antarctic cli-
mate projections until the end of this century has been
greatly helped in recent years by the vast archive of climate
model output from major modelling centres coordinated by
the World Climate Research Programme's Coupled Model
Intercomparison Project Phase 5 (CMIP5) (Taylor
et al., 2012). However, the CMIP5 models are, at time of
writing, approximately a decade old and many improve-
ments and advances have now been implemented by cli-
mate model centres. Widespread large biases in sea ice
extent and mid-latitude westerlies affect the accuracy of
future projections made by those models (Bracegirdle
et al., 2015). The sixth CMIP (CMIP6) (Eyring et al., 2016)
is now providing an updated source of data for estimating
21st century climate change. In addition to model develop-
ment, a key advance since CMIP5 is an updated range of
future forcing scenarios, compiled as a specific endorsed
CMIP6 project, ScenarioMIP (O'Neill et al., 2016). The sce-
narios are developed around different Shared Socioeco-
nomic Pathways (SSPs), but also include radiative forcing
targets for 2100 as seen in the previous Representative

Concentration Pathways (RCPs) (Meinshausen et al., 2011).
The tier 1 SSP's are SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5, which nominally span the same radiative forcing
range as RCP2.6 to RCP8.5.

When evaluating Antarctic projections based on CMIP6,
it is important to consider that potentially important
improvements remain a priority for current and future
model development. In the Antarctic region, the atmosphere
is tightly coupled to other components of the Earth system,
such as the ocean and the cryosphere. Changes in these
components affect the climate both locally and globally. For
example, increased meltwater flux from the Antarctic Ice
Sheet into the SO is expected to counteract some of the sur-
face atmospheric warming caused by climate change
(Hansen et al., 2016; Bronselaer et al., 2018; Golledge
et al., 2019). This meltwater is expected to impact the ocean's
overturning circulation and also affect precipitation patterns
and temperature variability worldwide. Melting and retreat
of the Antarctic Ice Sheet, and the subsequent impacts on
climate, are not represented in standard-configuration
CMIP6 models. Additionally, insufficient resolution also
means that important SO and ice sheet marginal processes
are still missing. For example, mesoscale eddies are a major
source of ocean heat transport onto the Antarctic continen-
tal shelf (Stewart and Thompson, 2015; Goddard et al., 2017;
Thompson et al., 2018). Currently, the first coupled ice
sheet-ocean models are becoming operational (Asay-Davis
et al., 2016; De Rydt and Gudmundsson, 2016; Hellmer
et al., 2017; Favier et al., 2019), and the SO modelling com-
munity is aiming to incorporate these advances into CMIP7
configurations.

Given the importance of Antarctic coastal processes,
we will look not only at Antarctic mean quantities, but
also at latitudinal cross sections across coastal Antarctica
and the SO. Of particular interest is scenario dependence
of trajectories of 21st century change and the potential of
more rapid Antarctic warming relative to the rest of the
globe in stabilisation and mitigation scenarios. Model sim-
ulations and paleo reconstructions show this more pro-
nounced global-relative Antarctic warming (hereinafter
“global-relative” refers to the ratio of change in a given
region to global mean change) emerging on long time-
scales as the damping effect of SO heat uptake recedes
(Manabe et al., 1991; Li et al., 2013; Armour et al., 2016).
Delayed warming responses of the SO in models and
observations have been attributed to the background
(mean) ocean overturning (Armour et al., 2016) and can
continue to occur over multiple centuries in stabilisation
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scenarios. In the aggressive mitigation scenario SSP1-2.6,
global mean surface air temperature (GSAT) stabilizes
mid-century and in fact cools slightly by 2100 (O'Neill
et al., 2016), during which the SO may exhibit a continued
delayed warming. A key question is, therefore, the extent
to which this delaying effect may contribute to continued
warming at high southern latitudes even in aggressive mit-
igation and stabilisation scenarios. In evaluating contrasts
between high and low forcing scenarios, it is recognized
that the standard CMIP6 model configurations assessed
here do not include impacts of freshwater input from melt-
ing ice shelves (Bronselaer et al., 2018), which is a poten-
tially important mechanism for preferentially stronger
delays/damping in SO warming in high emissions scenar-
ios. The implications of this are revisited in the Conclu-
sions section. This is of particular relevance to coastal
Antarctica, where, for example, ecosystems and ice shelves
are highly sensitive to the timing of crossing of key thresh-
olds in both atmospheric and oceanic conditions (Golledge
et al., 2017; Hellmer et al., 2017).

In addition to the potential for the emergence of del-
ayed SO global-relative warming in stabilisation scenarios,
recovery of stratospheric ozone (Eyring et al., 2007; Wilcox
et al., 2012) is a key consideration as a driver of trends that
contrast with the mean global forcing (Perlwitz et al., 2008;
Son et al., 2008; Karpechko et al., 2010; Smith et al., 2012).
In particular, in CMIP5 it was found that in the first half of
the 21st century stratospheric ozone recovery acts to shift
the westerly jet equatorward, but that this is cancelled out
by GHG increases acting in the opposite direction and
resulting in no significant change (Barnes et al., 2014). Dur-
ing the second half of the 21st century the ozone forcing
weakens and the westerly jet shifts southward more
strongly. In the four SSP scenarios considered here it can
likely be assumed that similar rates of stratospheric ozone
recovery occur across the range of scenarios as identified
for the equivalent RCP scenarios by Dhomse et al. (2018).

In this paper, the above factors will be considered in
quantifying 21st century climate change over Antarctica
and the SO. A comprehensive assessment of cause and
effect is outside the scope of this initial assessment of the
new CMIP6 dataset. The aim instead is to quantify the
broad-scale projections from present-day to 2100 with a
view to more detailed evaluations in the future. Specific
questions addressed here are:

• What are the projected 21st century changes in Antarctic
surface temperature, precipitation rate and the westerly
winds as simulated across the four tier-1 SSPs of CMIP6?

• Does the delayed response of the SO lead to the emer-
gence of a significantly stronger global-relative Antarc-
tic and SO warming in the strong mitigation and
stabilisation SSPs (SSP1-2.6 and SSP2-4.5)?

2 | DATA AND METHODS

2.1 | CMIP6 data

The main source of data is the CMIP6 archive. At time of
writing data from 15 models were available for the range
of scenarios and variables used, which are outlined in
Table 1. Baseline time-mean climatologies were calculated
from the 1995–2014 time slice of output from historical
CMIP6 runs. The four tier-one ScenarioMIP future forcing
experiments, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5,
were used for assessing 21st century projections. For each
run, monthly mean output was extracted for the following
variables: surface air temperature at 2 m (SAT) (CMIP6
variable name “tas”), sea surface temperature (SST)
(“tos”), zonal wind at 850 hPa (UA850) (“ua”) and surface
precipitation rate (PR) (“pr”). For each of models the first
realisation was used.

2.2 | Spatial mean diagnostics

2.2.1 | Antarctic continent

The outline and topography of the Antarctic continent in
CMIP6 models was determined from the native masks
(“sftlf”) and orography (“orog”) when available. When these
were unavailable, we interpolated the corresponding fields
from CNRM-CM6-1 onto the respective model grid. Area-
weighted spatial means were then calculated across all land

TABLE 1 List of CMIP6 models used in this study.

Expansions of institution acronyms are available at https://wcrp-

cmip.github.io/CMIP6_CVs/docs/CMIP6_institution_id.html

Model number Model centre Model name

1 AWI AWI-CM-1-1-MR

2 BCC BCC-CSM2-MR

3 CAMS CAMS-CSM1-0

4 CCCma CanESM5

5 CNRM-CERFACS CNRM-CM6-1

6 CNRM-CERFACS CNRM-ESM2-1

7 CSIRO ACCESS-ESM1-5

8 CSIRO-ARCCSS ACCESS-CM2

9 IPSL IPSL-CM6A-LR

10 MIROC MIROC6

11 MOHC UKESM1-0-LL

12 MPI-M DWD DKRZ MPI-ESM1-2-HR

13 MRI MRI-ESM2-0

14 NCAR CESM2

15 NCAR CESM2-WACCM
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and ice sheet regions of Antarctica, including floating ice
shelves. For the diagnoses of precipitation and temperature
changes over the Antarctic continent, 5-year averages were
taken relative to the 1995–2014 mean. Similarly, area-
weighted GSAT changes were calculated as 5-year averages
relative to 1995–2014.

2.2.2 | Southern Ocean

The sea surface temperature (SST) outputs from each model
were firstly interpolated onto the same regular 360 × 180
grid for consistency. The global mean was computed by
integrating the area-weighted SST average for each time
slice considered. The Southern Hemisphere (SH) SST was

computed as the zonal mean from the Equator to 80�S.
Similar to SAT, the relative change was computed as zon-
ally averaged SST difference (2080–2100 minus 1995–2014)
for the SH divided by the global area-weighted SST (GSST)
difference for the same period.

The SO time series were computed as annual means of
the area-weighted SST between 60 and 80�S. The first-year
annual mean (2015) is subtracted from each time series yield-
ing the actual SST change over each SSP scenario projection.

2.3 | Westerly jet indices

The westerly jet latitude index (JLI) is defined as the lati-
tude of the maximum in zonally-averaged tropospheric

(a) (b)

(c) (d)

FIGURE 1 (a) Antarctic versus global mean SAT change for all available models (1st ensemble member) and four scenarios. Each dot

is a 5-year average time-slice difference relative to the 1995–2014 mean. Regression lines are shown to quantify possible inter-scenario

differences in GSAT-relative temperature projections. (b–d) Antarctic precipitation change against GSAT change (b), and separately also

over the plateau (h > 1,500) (c) and at coastal regions (h < 1,500 m) (d). The regression lines in (b–d) are an exponential fit y = exp(a*T) − 1
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zonal wind on the 850 hPa pressure level (UA850). For each
monthly mean field of interest, the maximum in zonal
mean UA850 between latitudes of 75�S and 10�S defines the
jet speed, the latitude of which defines the jet latitude. The
annual and seasonal jet latitude index and jet speed index
(JSI) were constructed from averages of jet latitudes calcu-
lated for each month of the year or season of interest.

3 | RESULTS

In the first part of this section we present an overview of
full-century changes. This is followed by a more detailed

assessment of change in the first and second halves of
21st century, motivated by the larger inter-scenario diver-
gence in the later period and the impacts of stratospheric
ozone recovery across these scenarios.

3.1 | 21st century projections

Over the 21st century, SAT over the Antarctic continent
is projected to increase across a wide range of scenarios
(Figure 1a). CMIP6 multi-model mean end-of-century
annual-mean warming relative to 1995–2014 is 1.3 ± 0.5,
2.5 ± 0.7, 3.7 ± 0.9 and 4.8 ± 1.2�C (the ranges shown

(a) (b)

(c) (d)

FIGURE 2 Twenty first century zonal mean SAT change in summer (December–February) (a, c) and winter (June–August) (b, d)
presented both relative to GSAT change (a, b) and as absolute change (c, d). Changes are defined as differences between time slice means

over 2081–2100 in future scenario simulations and 1995–2014 in historical simulations. Thin dotted lines indicate individual ensemble

members and solid lines indicate ensemble means for each scenario. In (a) and (b) thicker sections of solid lines for SSP1-2.6 and SSP5-8.5

ensemble means denote latitudes at which inter-scenario differences are significant at the p = .05 level (based on a t test of the difference

between the n model values in each of these two scenarios, where the ensemble size n is 15 in this case)
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are standard deviations of the model values) following
the SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios
respectively. Unlike in the Arctic, there is no clear polar
amplification over the continent (Salzmann, 2017), with
Antarctic warming only marginally stronger than global
mean GSAT warming (Figure 1a). Given the proximity of
the SO and potential scenario dependence of its delayed
response, it is perhaps surprising that the relationship
between global and Antarctic continental warming
remains almost identical in different decades and scenar-
ios through the 21st century. In addition to the potential
effects of delayed SO warming response, stratospheric
ozone recovery provides a regional forcing that can
induce trends deviating from the global mean (Barnes
et al., 2014).

To investigate these points in more detail, Figure 2
shows the latitudinal and seasonal dependence of 21st
century SAT change across the same range of scenarios.
Both absolute and GSAT-relative changes are shown.
Over the SO and into coastal Antarctica stronger GSAT-
relative increases are evident in SSP1-2.6 and SSP2-4.5
compared to higher forcing scenarios, particularly in the
latitude range of approximately 50�S to 65�S in summer
(DJF) (for which differences between SSP1-2.6 and
SSP5-8.5 are statistically significant at p < .05 level) and
extending to a higher-latitude maximum between 65�S
and 70�S in winter (JJA). This higher latitude range
extends over much of coastal East Antarctica and the
sub-polar seas around West Antarctica. In these regions
enhanced near-surface warming in JJA is associated with
low altitude warming as sea ice retreats and exposes the

atmosphere to increased heat fluxes from the ocean
(Bromwich et al., 1998; England et al., 2018). This sea-
sonal and regional effect is however too weak to emerge
in the annual-mean continental-mean changes shown in
Figure 1a. A key implication is therefore that scenario-
dependent GSAT-relative warming is most prominent
along coastal Antarctica and changes here do not scale
with global mean change in a simple way. Note that the
inter-scenario differences over coastal Antarctica in win-
ter between SSP1-2.6 and SSP5-8.5 are not statistically
significant (Figure 2b). This may be due to large inter-
model differences in sea ice retreat making it more diffi-
cult to distinguish inter-scenario differences associated
with SST. However, a similar analysis of annual mean
SSTs shown in Figure 3a gives qualitatively similar inter-
scenario differences with relatively strong warming in
the weaker forcing scenarios, in particular the SSP1-2.6
to SSP5-8.5 differences are statistically significant equa-
torward of coastal East Antarctica at about 65�S. The
higher latitude maximum in winter SAT (and associated
inter-scenario differences) (Figure 2b) is likely to be
mainly a consequence of a larger impact near-surface
warming associated with retreat of sea ice.

The weaker global-relative SO warming in high-forcing
scenarios SSP3-7.0 and SSP5-8.5 is consistent with more
rapid heat uptake associated with rapid and sustained forc-
ing and transient warming through the year 2100 in these
scenarios (O'Neill et al., 2016). In SSP2-4.5 total anthropo-
genic radiative forcing has stabilized by 2100 and is, along
with GSAT, declining in SSP1-2.6 (O'Neill et al., 2016).
Figure 3b shows however that the SO does not yet show

(a) (b)

FIGURE 3 (a) 21st-century zonal mean SST change relative to GSST change. As in Figure 2, changes are defined as differences

between time slice means over 2081–2100 and 1995–2014. (b) Absolute SST change (annual means) in the Southern Ocean relative to 2015

for future scenarios. Lines are defined as is Figure 2 and as in Figure 2a,b, thicker sections of the solid lines in (a) show latitudes of

statistically significant inter-scenario differences between SSP1-2.6 and SSP5-8.5

6 of 14 BRACEGIRDLE ET AL.



evidence of a late-century onset of decreases in sea-surface
temperature in any scenario.

For PR, multi-model mean 21st century annual mean
increases following the SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5 scenarios are 8 ± 5, 16 ± 6, 24 ± 9 and 31
± 12%, respectively (Figure 1b). There is a suggestion of
weakly contrasting pathways for Antarctic-wide annual-
mean change relative to GSAT (Figure 1b–d). In all sce-
narios it was found that an exponential model provides
slightly better fits than a linear model (RMSE on average
5% smaller for the SSP3-7.0 and SSP5-8.5 scenarios),
which is consistent with the fact that the saturation
vapour pressure air increases nonlinearly with tempera-
ture according to the Clausius Clapeyron relation.

Over the SO, scenario-dependence of GSAT-relative
PR change is much weaker at mid-to-high southern lati-
tudes in winter (JJA) compared to summer (DJF)

(Figure 4), when surface circulation responses to strato-
spheric ozone change are strongest (Thompson and
Solomon, 2002). The summer changes are most strikingly
different in the SSP1-2.6 scenario, with decreases towards
coastal Antarctica and increases at mid-latitudes, equa-
torward of the climatological westerly jet core at ~50�S.
This is consistent with an overall equatorward shift of the
tropospheric eddy-driven jet (and associated storm track)
in the low radiative forcing scenario SSP1-2.6 (Figure 5).
Climate impacts of stratospheric ozone recovery will be
of greater relative importance in the latter half of the 21st
century, when the greenhouse gas forcing has stabilised
and is in fact decreasing slightly (O'Neill et al., 2016).
While it is true that the main period of stratospheric
ozone recovery is projected to occur in the first half of
the 21st century, the results here suggest that under the
SSP1-2.6 scenario the continued less rapid ozone recovery

(a) (b)

(c) (d)

FIGURE 4 As in Figure 2, but for precipitation rate (i.e., the upper row (a, b) shows change relative to global mean warming in m�s−1�K−1)
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in the latter half of the century can still play an important
role and lead to differences in the DJF simulated tran-
sient climate. Figure S1 shows an ensemble mean sum-
mer (DJF) equatorward shift of the westerly jet in the
SSP1-2.6 scenario, but a poleward shift in all scenarios in
winter (JJA).

3.2 | Comparing early and late 21st
century change

To evaluate westerly jet projections more broadly and
linkages across different variables, Figures 6 and 7 show
zonal mean wind changes over the first and second hal-
ves of the 21st century, along with TAS and PR changes.
Following (Barnes et al., 2014) we define 2045 as the year

for which radiative forcing scenarios (and impacts on the
jet) begin to clearly diverge (Figure S1). After this point,
the effects of continued stratospheric ozone recovery
dominate in low forcing scenarios (as explained at the
end of the previous section this increased relative impor-
tance occurs despite a weaker absolute rate of ozone
recovery) whereas jet responses to increased GHGs domi-
nate in high emissions scenarios (Figure 7). The westerly
jet trends in JLI and JSI reflect the changes in zonal
mean winds. As shown by Barnes et al. (2014) for CMIP5,
there is only a weak poleward shift and strengthening in
summer (DJF) during the early 21st century period with
inter-scenario differences in trends then responding to
divergent global mean radiative forcings in the second
half of the century (Figure S1). These changes are
reflected in the zonal mean zonal wind changes shown in

(a) (b)

(c) (d)

FIGURE 5 As in Figure 2, but for 850 hPa zonal (westerly) wind (i.e., the upper row (a, b) shows change relative to global mean

warming in m�s−1�K−1)
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Figures 6 and 7. In particular, in Figure 7e the wide
inter-scenario range in late 21st century wind projections
in summer (DJF) is clear at approximately 60�S, where

there is strong model consensus for large increases in
SSP5-8.5 and decreases in SSP1-2.6. In SSP2-4.5 in sum-
mer there is almost no change on average across the

(a) (b)

(c) (d)

(e) (f)

FIGURE 6 Early 21st century changes (2035–2054 minus 1995–2014) for zonal means of TAS (a, b), PR (c, d) and UA850 (e, f)
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models due to cancellation between the impacts of as
stratospheric ozone recovery and global radiative forcing.
Interestingly, despite the weakening and equatorward

shifting jet in summer in SSP1-2.6, TAS changes over the
SO in this scenario still exhibit a slight warming
(Figure 7a), which, although small in magnitude, is in

(a) (b)

(c) (d)

(e) (f)

FIGURE 7 Late 21st century changes (2081–2100 minus 2035–2054) for zonal means of TAS (a, b), PR (c, d) and UA850 (e, f)
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fact the largest in the whole Southern Hemisphere; in
stark contrast with the weaker GSAT-relative SO
warming that occurs in other scenarios and for the early
21st century (Figure 6a,b). It is this late 21st century
divergence that brings about the inter-scenario differ-
ences in whole-century trends shown in Figure 2. This
late-century divergence also illustrates linkages between
the changing zonal winds and precipitation changes. In
Figure 7c most models exhibit declines in precipitation
rate in the SSP1-2.6 scenario between 60 and 70�S, which
is on the southern flank of decreases in the zonal wind
component. This minimum in precipitation rate change
in not evident in winter (Figure 7d), when wind changes
are much smaller in magnitude, and is also consistent
with the recently-identified link between model-
simulated stratospheric ozone trends and Antarctic pre-
cipitation trends (Lenaerts et al., 2018).

4 | CONCLUSIONS

This paper provides an initial evaluation of 21st century
projected changes in temperature (SAT and SST), precipita-
tion rate and the westerly jet over Antarctica and the SO in
the four Tier-1 CMIP6 ScenarioMIP scenarios: SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5. Ensemble mean warming
across continental Antarctica is 1.3 ± 0.5, 2.5 ± 0.7,
3.7 ± 0.9 and 4.8 ± 1.2�C respectively for the four scenarios.
Corresponding proportional increases in precipitation rate
are 8 ± 5, 16 ± 6, 24 ± 9 and 31 ± 12%. Projected changes
in the westerly jet are influenced by stratospheric ozone
recovery, particularly up to mid-century. During this period,
small summer jet changes are consistent with an approxi-
mate cancellation between the equatorward-shifting impact
of stratospheric ozone recovery and the poleward-shift effect
of increasing radiative forcing. After mid-century, the
results are consistent with a dominance of global radiative
forcing in the high forcing scenarios, but further ozone
recovery dominating the aggressive mitigation SSP1-2.6 sce-
nario with significant equatorward jet shifts in summer.

The results show evidence for delayed warming over
the SO in the SSP1-2.6 mitigation scenario and, to a lesser
degree, SSP2-4.5 stabilisation scenario, compared to pro-
jections based on SSP3-7.0 and SSP5-8.5. Consistent with
this, the two lower-forcing scenarios exhibit stronger
GSAT-relative warming over coastal Antarctica, but not
consistently over the Antarctic interior. However, these
results are preliminary and further research is required to
identify the mechanisms driving regional Antarctic and
SO climate responses. For example, a key question is the
extent to which weakening and equatorward shifting
westerlies in the SSP1-2.6 scenario may affect the
strength of the above-highlighted delayed SO warming.

For precipitation projections over coastal Antarctica
and the SO there is a clearer link to jet responses than for
surface temperature. This is most apparent in late 21st
century change following SSP1-2.6 projections, for which
weaker, or in some models even negative, precipitation
change occurs over coastal Antarctica as the jet shifts
equatorward in summer under recovery of stratospheric
ozone. This effect is however less clear over the continen-
tal interior of Antarctica, where both precipitation and
temperature responses are found to follow simple rela-
tionships with global change.

A key implication of the CMIP6 projections shown in
this paper is that climate projections in coastal Antarctica,
in the vicinity of major ice shelves and sea ice, do not follow
a simple linear relationship with global mean change
(GSAT). In strong mitigation and stabilisation scenarios,
there is potential for more persistent GSAT-relative Antarc-
tic and SO warming. However, missing processes relating to
freshwater fluxes from ice sheets would be important to
include, ideally in a fully coupled framework, in develop-
ment of the next generation of models, for example CMIP7.
With regard to the results shown in this paper, inclusion of
interactive ice sheets may actually lead to even larger inter-
scenario differences in GSAT-relative change, as higher
melt rates in high-forcing scenarios may, according to
model studies, further delay warming in the SO. A further
more technical implication relates to commonly used indi-
ces of polar climate change, which are generally based on
spatial means over the whole of the polar cap poleward of
60�S. The results here highlight that such indices do not
resolve significant differences in response characteristics
between marine and terrestrial Antarctica.
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